ABSTRACT -Context -Intestinal inflammation can induce a local reduction in oxygen levels that triggers an adaptive response centered on the expression of hypoxia-inducible factors (HIFs). Nitric oxide, a well-described inflammatory mediator, may interfere with hypoxia signaling. Objectives -We aimed to evaluate the role of nitric oxide in hypoxia signaling during colonic inflammation. Method -Colitis was induced by single (acute) or repeated (reactivated colitis) trinitrobenzenosulfonic acid administration in rats.
INTRODUCTION
Inflammatory bowel disease (IBD) is a term that describes different pathologies, such as ulcerative colitis and Crohn`s disease. Inflammation is thought to develop due to the breakdown of the intestinal epithelial barrier, which is accompanied by the subsequent exposition of luminal antigens to the mucosal immune system, resulting in the recruitment of inflammatory cells, such as neutrophils and monocytes. The cellular recruitment and local active inflammation reduce the availability of oxygen, leading to hypoxia (6) . Hypoxia triggers an adaptive response in which the expression of hypoxia-inducible factors (HIFs) plays a central role. HIFs are believed to confer a protective response through the HIF-dependent induction of barrier-protective genes in the epithelium (10) . Under hypoxic conditions, genes that are related to angiogenesis, such as vascular endothelial growth factor (VEGF), or to cellular proliferation, such as apelin, are induced (11) . The apoptotic effects of tumor necrosis factor (TNF-a) were also inhibited by hypoxia (13) . However, hypoxia and inflammation are interdependent phenomena; hypoxia can elicit local inflammation, and inflammation can induce local hypoxia, as mentioned previously.
Decreases in oxygen need to be detected by cells in the hypoxic environment to induce the appropriate response. When oxygen levels are sufficient, prolyl hydroxylases (PHDs) hydroxylate and degrade the a subunit of HIF via ubiquitylation (14) . Nitric oxide (NO) displays many similarities to oxygen and may interfere with oxygen sensing mechanisms, as well as with hypoxia signaling (19) . The increased synthesis of NO via inducible nitric oxide synthase (iNOS) is a well-described event that occurs during intestinal inflammation (20) . Thus, we decided to evaluate the role of NO in hypoxia signaling during colonic inflammation using a well-established experimental model, trinitrobenzenosulfonic acid (TNBS)-induced colitis, and two different administration protocols in rats: single (acute colitis) and repeated (reactivated colitis). Single administration of TNBS is the protocol most often used in the literature but, repeated administration of TNBS provides a better correlation between experimental and clinical findings because of its ability to replicate relapse and remission periods that are frequent in Cronh's disease patients.
METHOD

Animals
Specific pathogen-free male Wistar rats (200-250 g, 6-8 weeks old) were obtained from the Multidisciplinary Center for Biological Research (State University of Campinas, Campinas, SP, Brazil). The experiments were performed in accordance with the principles outlined by the National Council for the Control of Animal Experimentation (CON-CEA, Brazil), and received approval from the Ethics Committee of São Francisco University, Bragança Paulista, SP, Brazil (Protocol 002.09.09). The rats were maintained in a room with controlled humidity and temperature in collective cages and were exposed to 12 hour light-dark cycles. Twelve hours prior to an experiment, the animals were deprived of food (standard chow), but not water. The studies were carried out using 5-7 rats per group and in a first round four groups were performed: control of acute colitis, control of reactivated colitis, acute colitis and reactivated colitis. In a second round of experiments another three groups were performed: control of reactivated colitis treated with saline, reactivated colitis treated with saline and reactivated colitis treated with Nw-Nitro-L-arginine methyl ester hydrochloride (L-NAME) with five rats per group.
TNBS-induced colitis
The animals were anesthetized using ketamine/xylazine (1:1 v/v), and colitis was induced by the intracolonic instillation of TNBS, either 10 mg on day 0 (acute colitis group) or 3 mg on days 0, 14 and 28 (reactivated colitis group), dissolved in 0.3 mL of 50% ethanol (Sigma, St. Louis, MO, USA). The solution was injected into the colon 8 cm proximal to the anus using a catheter. The instillation procedure lasted only a few seconds, and the rats were maintained in a vertical position until they had recovered from the anesthesia. The rats from the acute colitis group were sacrificed on the 7th day, and the rats from the reactivated colitis group were sacrificed on the 35th day under overdose of ketamine/xylazine (1:1 v/v). The control rats received saline via the same route of administration (control group).
L-NAME treatment
An additional group of TNBS-induced colitic rats with reactivation was treated with Nw-Nitro-L-arginine methyl ester hydrochloride (L-NAME; 10 mg/kg/day) intraperitoneally during the last 7 days of the protocol described above. Healthy and colitis controls were carried out and, rats received saline instead of L-NAME as described.
Colitis characterization by macroscopic damage and myeloperoxidase activity
The colons were immediately removed from the animals, opened longitudinally and evaluated for macroscopically visible damage by two observers who were unaware of the experimental groups. The criteria for the assessment of the macroscopic colonic damage of each animal were as follows: no damage (no points), hyperemia without any ulcers (1 point), linear ulcer with no significant inflammation (2 points), linear ulcer with inflammation at one site (3 points), two or more sites of ulceration/inflammation (4 points) and two or more major sites of ulceration and inflammation or one site of ulceration/inflammation extending 1 cm along the length of the colon (5 points). If the damage extended 2 cm along the length of the colon, the score was increased by 1 point for each additional centimeter of involvement (6-10 points). Colon samples obtained longitudinally from a site of macroscopically detectable inflammation (or a corresponding site in the tissue with no macroscopically detectable inflammation) were homogenized in 0.5% (w/v) hexadecyltrimethylammonium bromide in 50 mM potassium phosphate buffer, pH 6.0. For the myeloperoxidase (MPO) assay, 50 mL of each sample was added to 200 mL of o-dianisidine solution (0.167 mg/mL o-dianisidine dihydrochloride and 0.0005% hydrogen peroxide in 50 mM phosphate buffer, pH 6.0) immediately prior to reading the change in absorbance at 460 nm over a 5 min period using a microplate reader (Multiscan MS, Labsystems, Joensuu, Finland).
Pimonidazole staining
To assess colonic hypoxia during colitis induced TNBS administration, rats were treated intraperitoneally with 60 mg/kg pimonidazole 1 h prior to sacrifice. Following the manufacturer's recommended instructions, colonic pimonidazole distribution was visualized on paraffin-embedded sections using a Hypoxyprobe Omni Kit (Natural Pharmacia International Inc., Massachusetts, USA).
TNF-a measurements and Western blot analysis
To measure TNF-a using an enzymatic assay (EIA), colon samples were collected as previously described, excised and immediately homogenized in solubilizing buffer at 4°C (1% Triton X-100, 100 mM Tris-HCl, 100 mM sodium pyrophosphate, 100 mM sodium fluoride, 10 mM EDTA, 10 mM sodium orthovanadate, 2 mM PMSF and 0.1 mg of aprotinin/ ml). The insoluble material was removed by centrifugation for 20 min at 9,000 g and 4°C. The protein concentrations of the supernatants were determined using the Biuret method. TNF-a was quantified using a commercially available kit (R&D Systems, Minneapolis, MN, USA).
For the protein analysis via Western blotting, the supernatant aliquots were treated with Laemmli sample buffer containing 100 mM dithiothreitol and heated in a boiling water bath for 5 min, after which the samples were subjected to SDS-PAGE in a Bio-Rad miniature slab gel apparatus (Mini-Protean). For the WB experiments, 0.15 mg of the protein extract from each tissue was separated using SDS-PAGE, transferred to nitrocellulose membranes and blocked for 2 hours with blocking buffer (5% blocking agent, GE Healthcare, UK) in a Tris buffered solution. The membranes were then incubated overnight with anti-iNOS (sc-8310), anti-VEGF (sc-507), anti-HIF-1a (sc-10790) and anti-apelin (sc-33804) antibodies at dilutions of 1:1000 (Santa Cruz Biotechnology, Inc., CA, USA). The nitrocellulose membranes were developed using commercially available chemiluminescence kits (GE Healthcare, UK). The band intensities were quantified by the optical densitometry (Scion Image software, ScionCorp, Frederick, MD) of the developed autoradiography.
Statistical analysis
All of the data are expressed as the means ± Standard Error of the Mean (SEM). Non-parametric data were expressed as the medians. The comparisons between groups of data were performed using unpaired Student's test. Statistical analysis were performed using GraphPad InStat (GraphPad Software, La Jolla, CA, USA). An associated probability (P value) of less than 5% was considered significant.
RESULTS
Colitis assessments
The single or repeated administration of TNBS in alcoholic vehicle influenced both hyperemia and the number of small ulcers that were observed macroscopically, resulting in a higher macroscopic score (Figures 1B and 2B) . Colonic inflammation decreased body weight gain during acute or reactivated colitis, as shown in Figures 1A and 2A , respectively. Myeloperoxidase (MPO) activity, a biochemical marker of neutrophil infiltration, was also higher in the colons of colitic rats ( Figures 1C and 2C) . 
HIF-1a expression during TNBS-induced colitis
HIF-1a protein expression was similar in the colons of rats in the control and acute colitis groups, but VEGF and apelin expression were higher in the colons of rats in the acute colitis group compared to the control group ( Figures 3A,  B and C) . In contrast, HIF-1a expression was lower in the colons of reactivated colitis group compared to the controls ( Figure 4A ). Apelin and VEGF expression in the colons of rats with reactivated colitis were not altered ( Figures 4B and  C) . iNOS expression was induced by intestinal inflammation in both groups ( Figures 3D and 4D ), but the increase was more pronounced in the reactivated colitis group (a 1.44-fold increase was observed in the acute colitis group versus a 5.25-fold increase in the reactivated colitis group).
FIGURE 4. Levels of HIF-1a (A), vascular endothelial growth factor (VEGF) (B), apelin (C) and inducible nitric oxide synthase (iNOS) (D) in rat colon from control and colitis after repeated trinitrobenzenosulfonic acid (TNBS) administration (Reactivated colitis)
. Western blot analysis was performed on colon protein extracts with antibodies against HIF-1a, VEGF, apelin, iNos and ß-actin. The blot images are representative of one experiment. Bars show the densitometry quantification of HIF-1a, VEGF, apelin, and iNos levels, normalized by densitometry quantification of ß-actin level for the same sample. Data are expressed as the mean ± SEM of three experiments. **P<0.01 when compared with control group. TABLE 1 . Macroscopic evaluation, myeloperoxidase (MPO) acitivity, body weight and cytokine production by colon tissue in control treated with saline (Control), colitis with reactivation/treated with saline (Colitis) and colitis with reactivation treated with L-NAME (Colitis + L-NAME).
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Hypoxia during TNBS-induced colitis
To determine the presence of hypoxia during TNBS-induced colitis, we evaluated the binding of pimonidazole to macromolecules, which occurs in the absence of adequate oxygen levels. Consistent with earlier reports, physiologic hypoxia on the colonic surface epithelium was observed in healthy animals (control group, Figure 5A ). Following the induction of colitis by the single or repeated administration of TNBS ( Figure 5 ), increased colonic epithelial pimonidazole uptake, extending to additional parts of the crypts and the submucosal layer, was observed in the model of reactivated colitis.
Effects of L-NAME treatment on reactivated colitis
L-NAME treatment during the final 7 days of the experiment (after the final TNBS administration in the reactivation protocol) reduced the number of macroscopically observed lesions (P = 0.0571). However, MPO activity was not significantly reduced (Table 1) in colitic rats that received only saline i.p. Body weight gain and TNF-a were not improved after L-NAME treatment compared with the colitic group (Table 1) .
After L-NAME treatment, colitic animals displayed higher levels of HIF-1a, apelin and VEGF expression ( Figures  6A, B and C) . iNOS expression was not reduced by L-NAME treatment (data not shown).
FIGURE 6. Levels of HIF-1a (A), vascular endothelial growth factor (VEGF) (B) and apelin (C) in the colon of rats from the control treated with saline (Control), repeated trinitrobenzenosulfonic acid (TNBS) administration colitis treated with saline (Colitis) and repeated TNBS administration colitis treated with L-NAME (Colitis + L-NAME) groups. Western blot analysis were performed on the colon protein extracts using antibodies that had been raised against HIF-1a, VEGF, apelin and ß-actin. The blot images are representative of one experiment (the ß-actin figure is not shown). The bars show the densitometric quantifications of HIF-1a, VEGF and apelin levels after normalization by the densitometric quantification of the ß-actin level for the same samples. The data are expressed as the mean ± SEM of three experiments. * P<0.05 compared to the control group. # P<0.05 and ## P<0.01 when compared to the colitis group.
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DISCUSSION
Active mucosal inflammation is characterized by alterations in tissue metabolism and perfusion, resulting in hypoxia. Local hypoxia triggers an adaptive response that is focused on HIF-1a expression. Karhausen and colleagues demonstrated the presence of hypoxia, both in the superficial mucosa and the deeper submucosal regions, using an imidazole dye after 7 days of TNBS administration in mice (15) . The expression of HIF-1a and HIF-1a-regulated gene products was increased in these mice (15) . In rats, hypoxia was observed 7 days after the administration of a single dose of TNBS, but increases in HIF-1a were not observed. However, proteins that are regulated by HIF-1a, such as VEGF and apelin (10, 11) were increased in the colons of these animals. Interestingly, we observed that after repeated TNBS administration, a model that provides periods of relapse and remission (8) , HIF-1a protein expression was lower in the colons of colitic rats than in healthy animals, despite the presence of hypoxia, as indicated by pimonidazole staining. Analysis of apelin and VEGF protein expression (HIF-1a-regulated factors) in colonic tissue revealed that they were not altered during reactivated colitis. Both of the TNBS-induced colitis protocols that were applied in this study induced inflammation and hypoxia, although in the colitis with reactivation model, hypoxia seemed to be more intense, affecting areas of the submucosa, but was not accompanied by hypoxia signaling. In the repeated administration protocol, iNOS was expressed at high levels, suggesting that higher NO production occurred in this experimental model. NO is considered to be an inflammatory mediator during IBD (24) . NO can interfere with cell signaling and affect HIF-1a activation via different mechanisms, but much of the current knowledge of NO was acquired using NO-donor compounds in vitro (1, 3) . Under normoxic conditions, low concentrations of NO facilitate HIF-1a degradation and impair HIF-1a signaling, while high concentrations of NO stabilize HIF-1a and mimic a hypoxic response (18) . However, NO inhibits HIF-a activation during hypoxia by inducing PHD transcription and increasing the bioavailability of free cellular iron, which is a co-factor for PHD activity (2, 16) . In addition, NO can interact with cytochrome c oxidase (CcO) and modulate its activity when O 2 concentrations are low and the enzyme is in a reduced state (25) . In this state, O 2 utilization by the mitochondrial chain is reduced and free O 2 can induce the PHD-mediated de gradation of HIF-1a (25) , resulting in inadequate cellular signaling during hypoxia. L-NAME administration to rats with TNBS-induced colitis with reactivation at a dose previously described to block NO synthesis in vivo (4, 5) , improved HIF-1a expression and increased apelin and VEGF protein expression. These results suggest that iNOS inhibition restored HIF-1a signaling during intestinal inflammation and that this restoration was not dependent on an anti-inflammatory response induced by L-NAME. In addition, HIF-1a expression did not induce a robust anti-inflammatory response because a reduction in macroscopic damage, but not in TNF-a or MPO levels, was observed. The role of HIF-1a signaling in experimental models of colitis is controversial. Chronic increases in HIF signaling by the disruption of von Hippel-Lindau tumor suppressor protein (VHL) in mice trigger colonic inflammation and potentiate dextran sodium sulfate (DSS)-induced colitis (23) . However, the use of a PHD inhibitor (FG-4497), which stabilizes HIF-1a, had a beneficial influence on weight loss, histological modifications and TNF-a production in a murine model of TNBS-induced colitis (21) . T-cells that infiltrated the inflamed mucosa in IBD patients expressed more HIF-1a, and HIF-1a KO mice displayed more severe DSS-induced colonic inflammation (12) . Based on these positive reports, PHD inhibitors have been suggested for use as a potential therapeutic approach to treat IBD patients (7) . However, infliximab (an anti-TNF-a therapy) has demonstrated positive results by inhibiting angiogenic processes through VEGF-A inhibition in IBD patients (22) . The results of the present study demonstrated that HIF-1a expression is variable in different experimental models of TNBS-induced colitis, despite the presence of hypoxia, and that iNOS inhibition restored HIF-1a expression in TNBS-induced colitis with reactivations, suggesting that NO potentially interferes with hypoxia signaling during intestinal inflammation. iNOS expression and rectal NO levels were upregulated during active IBD (17) and were able to modulate the expression of several genes involved in perpetuating the inflammatory response (9) indicating that NO is an important mediator of intestinal inflammation.
CONCLUSIONS
Nitric oxide interferes with hypoxia signaling during experimental models of TNBS-induced colitis and inhibits expression of HIF-1a regulated proteins, having an important role in colitis pathogenesis.
